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Pokeweed antiviral protein (PAP) is a ribosome-inactivating protein characterized by its ability to depurinate the sarcin/ricin
(S/R) loop of the large rRNA of prokaryotic and eukaryotic ribosomes. Here, a series of PAP mutants were used to examine
the relationship between depurination of the S/R loop and inhibition of 11 programmed ribosomal frameshifting (PRF) and
to define PAP sequences critical for inhibition of 11 PRF and Ty1 retrotransposition in the yeast Saccharomyces cerevisiae.
Using three different classes of mutants we present evidence that strong binding of a C-terminal PAP mutant (PAPc) to
ribosomes is sufficient to inhibit 11 PRF and Ty1 retrotransposition in the absence of S/R loop depurination. PAPc did not
affect the totivirus ScV-L-A and HIV-1-directed 21 PRF efficiencies or the ability of cells to maintain the M1-dependent killer
phenotype, demonstrating the specificity of the effect of PAPc on 11 PRF. © 2001 Academic Press
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iINTRODUCTION
Characterization of the molecular mechanisms that
govern translational recoding (Gesteland and Atkins,
1996) events is paramount toward furthering our under-
standing of how translational reading frame is main-
tained. To this end, we have utilized two different viral
systems of the yeast Saccharomyces cerevisiae as mod-
els of programmed ribosomal frameshifting: the yeast
“killer” system and the Ty1 retrotransposable element.
The killer system consists of the 4.6-kb dsRNA totivirus
Saccharomyces cerevisiae L-A (helper virus) and the 1.6-
to 1.8-kb dsRNA M1 satellite dsRNA (reviewed in Wick-
ner, 1996), and a programmed 21 ribosomal frameshift
21 PRF) event is responsible for the production of the
-A Gag-pol fusion protein (Dinman et al., 1991). Ty1
tilizes a programmed 11 ribosomal frameshift (11 PRF)
o produce its Gag-pol protein (reviewed in Dinman,
995; Farabaugh, 1996). The cis-acting signals that pro-
ote these frameshifting events have been well charac-
erized and, in the case of 21 PRF, it was convincingly
emonstrated that the basic molecular mechanisms gov-
rning this process are identical from yeast to humans
reviewed in Brierley, 1995; Dinman et al., 1998;
arabaugh, 1996; Gesteland and Atkins, 1996). The effi-
iency of PRF determines the stoichiometric ratio be-f
m
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292ween viral Gag (structural) and Gag-pol fusion (enzy-
atic) proteins. It was previously established in many
ifferent viral systems that changing the efficiency of PRF
psets this stoichiometry, inhibiting virus particle mor-
hogenesis and viral replication (Balasundaram et al.,
994a; Dinman and Wickner, 1992, 1994; Hung et al.,
998; Kawakami et al., 1993; Park and Morrow, 1991; Xu
nd Boeke, 1990). Thus, PRF represents a potentially
mportant target for antiviral therapeutics (reviewed in
inman et al.,1998).
In addition to the important role of PRF in viral particle
ssembly, the ability to monitor changes in frameshift
fficiencies provides a powerful set of tools that can be
pplied toward the elucidation of the factors that are
ormally involved in maintaining translational reading
rame. Efficiencies of 11 PRF can be altered by changes
n the cis-acting mRNA signal (Belcourt and Farabaugh,
990) and in mutations that affect trans-acting factors
uch as relative availabilities of specific tRNAs (Belcourt
nd Farabaugh, 1990), mutations in rRNAs (Dinman and
ickner, 1995; Burck et al., 1999), intracellular polyamine
oncentrations (Balasundaram et al., 1994a,b), and mu-
ants of elongation factor-1a (eEF-1a) (Dinman and Kinzy,
1997; Farabaugh and Vimaladithan, 1998). The efficiency
of 21 PRF can also be influenced by changes in the
cis-acting mRNA signal, and in trans by mutations in
ntegral ribosomal components, ribosome-associated
actors, and certain small chemicals (reviewed in Din-
an et al., 1998).
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293PAP MUTANTS AND Ty1 RETROTRANSPOSITIONWe previously demonstrated that a natural product,
pokeweed antiviral protein (PAP), specifically inhibits
Ty1-promoted 11 PRF and Ty1 retrotransposition while
ot affecting L-A-directed 21 PRF or maintenance of the
killer virus (Tumer et al., 1998). PAP is a 29-kDa single-
chain ribosome-inactivating protein (RIP), isolated from
pokeweed Phytolacca americana, that has been shown
to catalytically remove a specific adenine from the highly
conserved, surface-exposed sarcin/ricin (S/R) loop in the
large rRNA of eukaryotic and prokaryotic ribosomes
(Endo et al., 1988; Hartley et al., 1991). This modification
ffects the binding and GTPase activity of the two elon-
ation factors, eEF-1 and eEF-2, blocking protein synthe-
is at the translocation step (Montanaro et al., 1975;
sborn and Hartley, 1990). PAP displays broad-spectrum
ntiviral activity against plant and animal viruses, includ-
ng influenza virus (Tomlinson et al., 1974), poliovirus
Ussery et al., 1977), HIV (Zarling et al., 1990), and to-
acco mosaic virus (Taylor et al., 1994). PAP accesses
ibosomes by physically interacting with ribosomal pro-
ein L3, and yeast cells that express a mutant form of L3
re resistant to the cytostatic effects of PAP because PAP
annot interact with the mutant L3 in vivo (Hudak et al.,
999). A series of nontoxic PAP mutants, PAPx, PAPn, and
APc, was previously described (Tumer et al., 1997).
lthough PAPn and PAPc are not toxic and do not de-
urinate the S/R loop, they both have antiviral activities in
lants (Tumer et al., 1997; Zoubenko et al., 2000) and are
ble to inhibit translation by recognizing the cap struc-
FIG. 1. Diagram of wild-type PAP and PAP mutants. The mature PAP p
the N-terminus, and 29 amino acids from the C-terminus during proce
expressing each PAP allele are indicated to the left of each mutant. A
mutants into wild-type PAP, N-terminal, active site, and C-terminal mutan
are also designated.ure and, specifically, depurinating capped mRNAs
Hudak et al., 2000). In the present study, we characterize
m
gthe effects of a series of PAP mutants on programmed
ribosomal frameshifting and virus maintenance. We dem-
onstrate that, although depurination of the S/R loop en-
hances inhibition of 11 PRF and Ty1 retrotransposition,
strong binding of PAPc to the ribosomes is sufficient to
inhibit 11 programmed ribosomal frameshifting and vi-
rus maintenance in the absence of S/R loop depurina-
tion.
RESULTS
PAP and PAPc specifically inhibit 11 PRF in intact
east cells
We previously demonstrated that PAP specifically af-
ects programmed 11 ribosomal frameshifting and Ty1
etrotransposition (Tumer et al., 1998). In that study, we
howed that a variant of PAP called PAPx, which contains
mutation in the catalytic site required for depurination,
id not inhibit 11 PRF, suggesting that depurination was
equired for this activity (Tumer et al., 1998). However, the
bservation that other PAP mutants had antiviral activi-
ies in the absence of rRNA depurination (Hur et al., 1995;
umer et al., 1997) suggested that a property other than
epurination may contribute to the observed effects of
AP on 11 PRF. The recent demonstration that these
AP variants can also inhibit translation without depuri-
ating the S/R loop (Hudak et al., 2000) led us to inves-
igate the properties of a series of these and other PAP
s 262 amino acids in length. Twenty-two amino acids are cleaved from
f the PAP-precursor to the mature protein. The names of the vectors
cid changes are shown inside of each mutant, and classifications of
shown on the right. The plasmids encoding PAP, PAPn, PAPx, and PAPcrotein i
ssing o
mino a
ts areutants on PRF and virus maintenance. These are dia-
rammatically represented in Fig. 1 and can be generally
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294 HUDAK ET AL.grouped into three classes: those that affect the N-ter-
minal portion of PAP (PAPn); those with mutations which
inactivate the catalytic site (PAPx); and C-terminal dele-
tion mutants (PAPc).
The effects of wild-type and mutant forms of PAP on
both 21 and 11 frameshifting were assayed in PSY1
ells expressing the different forms of PAP, cotrans-
ormed with a series of vectors designed to measure PRF
fficiencies. The vectors shown in Fig. 1 were used to
xpress the various forms of PAP under the control of the
AL1 promoter. As a control, frameshifting was moni-
ored in cells containing a URA3-based vector alone. The
RP1 gene was used to select for the presence of the
rameshift reporter constructs (see Materials and Meth-
ds). p21 and p11 were used to measure b-galactosi-
dase activities produced as a consequence either of L-A
sequence-directed 21 or of Ty1 sequence-directed 11
ibosomal frameshift events, respectively. p0 functions
s the 0-frame b-galactosidase control standard. The
fficiency of PRF is determined by calculating the ratio of
ither 21 or 11 frame to 0-frame b-galactosidase activ-
ities and multiplying by 100% (Dinman et al., 1991). To test
the effects of the PAP mutants on PRF, overnight cultures
were split into selective media in which the carbon
source was either 2% galactose or 2% raffinose. Cells
grown on 2% raffinose were used as uninduced controls.
After 5 h of growth, b-galactosidase activities were de-
ermined and the efficiencies of PRF were calculated.
The results of these experiments are summarized in
FIG. 2. Effects of PAP and PAP mutants on programmed 11 ribo-
somal frameshifting in vivo. PSY1 cells were cotransformed with the
URA3-based PAP-expression plasmids or vector alone, and with the
TRP1-based p0 control or p11 frameshift indicator plasmids. Mid-log-
phase cultures grown in 2% raffinose were pelleted by centrifugation,
washed, and resuspended in selective media containing 2% galactose
to induce expression of PAP. Ribosomal frameshift efficiencies were
determined 5 h later. Error bars indicate percentage error.ig. 2, and more detailed data for PAP, PAPn, PAPc, and
APx are shown in Table 1. Expression of wild-type PAP
e
uresulted in decreased 11 frame reporter b-galactosi-
dase activity, and a corresponding decrease in the effi-
ciency of Ty1 sequence-directed 11 PRF to approxi-
ately 22% that of wild-type levels (Tumer et al., 1998). In
ontrast, PAPn or PAPx had little or no such effect (Fig. 2).
nterestingly, induction of PAPc and similar C-terminal
eletion mutants also inhibited translation of the 11
rameshift reporter mRNA, reducing 11 PRF efficiencies
o ’40% of vector control levels (Table 1 and Fig. 2).
nalogous to previous observations (Tumer et al., 1998),
either the presence of galactose alone nor the induc-
ion of PAP or of the PAP mutants had any influence on
ither the overall translation of the 0- or the 21 ribo-
omal frameshift reporter mRNAs or on 21 ribosomal
rameshift efficiencies as directed by either L-A frame-
hift signal (Table 1).
Although PAP had no effect on L-A-directed 21 PRF, in
ight of its anti-HIV activity, we investigated whether PAP
ad any effect on 21 PRF stimulated by an HIV-1 frame-
hift signal. To test for this, a yeast-based in vivo reporter
lasmid, pJD181.HIV, containing a consensus HIV-1 21
RF signal, was constructed. This was used to monitor
he effect of wild-type PAP in intact yeast cells as com-
ared to a 0-frame reporter plasmid (pJD160) described
nder Materials and Methods. Expression of PAP did not
ffect 21 PRF as directed by an HIV-1 frameshift signal
data not shown), thus demonstrating the specificity of
he effect of PAP on 11 PRF.
It is possible that apparent changes in programmed
1 ribosomal efficiencies actually resulted from
hanges in the stability and, hence, the steady-state
bundance of the 11 frameshift reporter mRNA relative
o the 0-frame control, rather than from actual changes in
1 PRF efficiencies. As previously reported for PAP,
sing RNase protection analysis to compare induced
nd uninduced cells (Tumer et al., 1998), neither PAPn,
APc, nor PAPx had any effects on the ratios of U3 mRNA
o 0-frame or 11 frame lacZ mRNAs. Thus, the observed
ffects on 11 PRF efficiency in PAP- and PAPc-induced
ells in vivo were not the result of preferential destabili-
ation of the 11 reporter mRNAs in either of these
ystems. These data support the conclusion that PAP
nd PAPc have specific inhibitory effects on 11 PRF.
xpression of PAPc specifically inhibits Ty1
etrotransposition in yeast cells
Ty1 retrotransposition is dependent on viral particle
orphogenesis, which in turn is extremely sensitive to
lterations in 11 PRF efficiencies (reviewed in Dinman,
995; Dinman et al., 1998). We previously observed that
xpression of PAP specifically inhibited Ty1 retrotrans-
osition by .99% (Tumer et al., 1998). Since we show
ere that PAPc also inhibited 11 PRF, we examined the
ffects of PAPn and PAPc on Ty1 retrotransposition. Fig-
re 3 depicts that, on a qualitative level, Ty1 retrotrans-
Pr
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295PAP MUTANTS AND Ty1 RETROTRANSPOSITIONposition frequencies are substantially reduced in the
presence of PAPc but not by PAPn. A more rigorous
quantitative analysis showed no significant differences
in retrotransposition frequencies between control
(YEp351) and PAPn (pNT255) expressing cells (2.2 and
1.3 3 1022, respectively). In contrast, Ty1 retrotransposi-
tion was significantly inhibited in cells expressing PAPc
(pNT246) (retrotransposition efficiency of 4.6 3 1024 5
98% inhibition). Inhibition of Ty1 retrotransposition by
PAPc, but not by PAPn, provides independent supporting
evidence that PAPc specifically inhibits 11 PRF.
To confirm the lack of effects of PAPn and PAPc on 21
RF, L-A and M1 were introduced by cytoduction into
PSY1 cells harboring YEp351, pNT255, or pNT246, as
described under Materials and Methods. No qualitative
or quantitative differences were observed between the
abilities of the PAPn- and PAPc-induced cells and vector
control cells with regard to their killer phenotypes (data
T
In Vivo Effects of
p0a p2
PSY1 (vector)
Raffinosed 47.3 6 1.83 0.90 6
Galactosed 46.4 6 1.53 0.88 6
Gal/Rafe (% vector control) 0.98 0.9
PAP f (pNT123)
Raffinose 44.7 6 1.55 1.02 6
Galactose 42.3 6 1.47 1.01 6
Gal/Raf (% vector control) 0.94 0.9
APng (pNT123-1)
Raffinose 44.2 6 1.22 1.02 6
Galactose 44.8 6 1.81 1.12 6
Gal/Raf (% vector control) 1.01 1.1
APch (pNT123-6)
Raffinose 39.2 6 1.12 0.67 6
Galactose 40.3 6 1.57 0.69 6
Gal/Raf (% vector control) 1.02 1.0
PAPx i (pNT123-2)
Raffinose 43.4 6 1.02 1.00 6
Galactose 44.7 6 1.61 0.89 6
Gal/Raf (% vector control) 1.02 0.8
a b-Galactosidase activities as a measure of translational competen
frameshift reporter plasmids respectively.
b Percentage21 PRF was calculated by multiplying the ratio of p21
c Percentage 11 PRF was calculated by multiplying the ratio of p11
d Cells were grown in selective media containing either 2% raffinose
e The Gal/Raf ratio measures the effect of PAP induction on b-galac
f pNT123 was used as the source of PAP.
g pNT12321 was used as the source of PAPn.
h pNT123-6 was used as the source of PAPc.
i pNT12322 was used as source of PAPx. In the percentage vector
nd the Gal/Raf ratios of the test plasmids are the numerators.
* t , 0.05 by Students t test; § t , 0.01 by Student’s t test.not shown). These results support previous findings,
which suggest that PAP does not have an effect on killermaintenance, or, if there is an effect, it is too subtle to be
detected by this assay.
S/R loop depurination is not absolutely required for
inhibition of programmed 11 ribosomal frameshifting
Although it was previously reported that PAPc does not
depurinate ribosomes either in transgenic tobacco
plants in vivo (Tumer et al., 1997) or in tobacco or rabbit
eticulocyte in vitro systems (Hudak et al., 2000), it is
possible that inefficient in vivo depurination activity by
PAPc in yeast could be responsible for the observed
effects on 11 PRF. A highly sensitive primer extension
ssay, using reverse transcription from a [g-32P]-labeled
primer complementary to the 39-end of the yeast 25S
rRNA and resolution through acrylamide-urea gels, was
used to address whether there were subtle differences
in depurinating activities between the different forms of
PAP (see Materials and Methods). A representative ex-
nd PAP Mutants
p11a 21 PRF b (%) 11 PRFc (%)
1.85 6 0.24 1.9 3.9
4.08 6 0.52 1.9 8.8
2.21* 1.0 (100) 2.3* (100)
1.51 6 0.18 2.3 3.4
0.74 6 0.06 2.4 1.8
0.49§ 1.0 (100) 0.5§ (22)
1.46 6 0.22 2.3 3.3
3.33 6 0.26 2.5 7.5
2.28* 1.1 (110) 2.3* (100)
1.29 6 0.12 1.7 3.3
1.23 6 0.23 1.7 3.0
0.95§ 1.0 (100) 0.9§ (39)
1.30 6 0.21 2.3 3.0
3.11 6 0.22 2.0 7.0
2.39* 0.9 (90) 2.3* (100)
0, lacZ is in the 0-frame. p21 and p11 are the 21 and 11 ribosomal
alactosidase activities by 100%.
galactosidase activities by 100%.
uninduced) or 2% galactose (PAP induced) for 5 h.
e activities and PRF.
(numbers in parentheses), the PSY1 Gal/Raf ratio is the denominatorABLE 1
PAP a
1a
0.07
0.11
8
0.11
0.07
9
0.14
0.21
0
0.07
0.18
3
0.19
0.11
9
ce. In p
/p0 b-g
/p0 b-
(PAP
tosidas
controlposure of one gel is shown in Fig. 4. As expected, PAP
displayed strong depurinating activity and, interestingly,
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296 HUDAK ET AL.the more-sensitive primer extension method reveals that,
in addition to removal of residue A3137, PAP also depuri-
nates the yeast rRNA at residues A3134 and G3136. As
expected, PAPx was not able to depurinate the S/R loop.
Likewise, no cleavage product was observed in samples
from cells expressing PAPc or PAPn, even upon gross
overexposure of the film, indicating that like PAPx, nei-
ther PAPn nor PAPc depurinates the S/R loop.
The interaction between PAPc and ribosomes is very
stable
To test the hypothesis that the observed differences
among the PAP mutants were the result of divergence in
their physical interactions with the translational appara-
tus, cells were induced to express PAP, PAPx, PAPn, or
PAPc, and both purified ribosomes and postribosomal
supernatant fractions were subsequently assessed by
immunoblot analysis; a representative series of expo-
sures of these are shown in Fig. 5. The blots were
probed with an antibody against PAP and also with either
anti-G6PD polyclonal or anti-L3 monoclonal antibodies
as loading controls. All forms of PAP were detectable,
demonstrating that they were all expressed in cells (Figs.
5A and 5B). The different immunoreactive species are
likely the result of the precursor and the fully processed
forms of PAP. The levels of PAP, G6PD, and L3 were
FIG. 3. PAPc inhibits Ty1 retrotransposition. Cells were cotrans-
ormed with vector alone (PSY1), pNT224 (PAPn), or pNT246 (PAPc), and
ith the Ty1 retrotransposition indicator plasmid pJEF1105, and were
rown at 24°C on medium containing 2% galactose (but lacking uracil)
nd leucine for 4 days. Patches of cells were subsequently replica-
lated back onto H-ura/H-leu with 2% dextrose containing 100 mg/ml of
-fluoroorotic acid (5-FOA), and incubated at 30°C to select for cells
hat had lost pJEF1105. Colonies of cells that were able to grow on
-FOA were then grown in YPAD liquid media overnight; OD550 were
etermined; and 10-fold dilutions of cells ranging from 103 to 106
colony-forming units (CFU) were spotted onto YPAD medium containing
100 mg/ml of Geneticin (pictured). Growth of the colonies in the pres-
ence of Geneticin was indicative of Ty1 retrotransposition. In parallel,
10-fold dilutions of cells ranging from 101 to 108 CFU were seeded onto
PAD medium containing 100 mg/ml of Geneticin, and retrotransposi-
tion frequencies were calculated by dividing the number of Geneticin-
resistant (neor) colonies by the total number of CFU seeded onto the
late.quantified using a phosphorimager. To perform meaning-
ful densitometric quantitative analyses, (1) all of the blotswere exposed for the same length of time (15 min) and (2)
an immunoblot containing two different concentrations of
PAP standard plus increasing amounts of PAP-express-
ing yeast cell lysate was probed with anti-PAP antibodies
(Fig. 5C). From this, a standard curve was generated,
which was used to quantify PAP levels relative to the
G6PD and L3 controls. The levels of G6PD and L3 were
similar among the samples, indicating (1) that equal
amounts of protein were loaded for each fraction and (2)
that the amounts of protein in each sample, as measured
by densitometry, were within the linear range (Figs. 5A–
5C). Consistent with previous results, both PAP and PAPx
were detected in the purified ribosome fraction (Fig. 5B).
Interestingly, the amount of PAP associated with ribo-
somes relative to that present in the postribosomal su-
pernatant differed for each mutant. Both PAP and PAPx
associated with ribosomes to a similar extent (Figs. 5B
and 5D).
Corrected for the loading controls, the steady-state
ratios of ribosome bound to free PAP and PAPx were
nearly equivalent (0.42 and 0.50, respectively; see Fig.
5D). This indicates that the ability to bind ribosomes per
se is not sufficient to inhibit 11 PRF. A similar set of
calculations show that approximately fivefold less PAPn
was associated with ribosomes (0.2/1.7 5 0.10; Fig. 5D).
Conversely, a significantly greater amount of PAPc was
associated with ribosomes (1.0/0.4 5 2.5; Fig. 5D) rela-
tive to PAP and PAPx. These results indicate that PAPc is
FIG. 4. In vivo depurination of yeast 25S rRNA by PAP and mutants of
PAP. (A) Diagrammatic representation of the S/R loop is shown and
cleavage sites are indicated by arrows. (B) rRNA was isolated from
cells expressing PAP or a mutant of PAP. Primer extension of the 39-end
of the S/R loop was performed by reverse transcription and the reaction
products were separated through a 6% acrylamide urea denaturing gel.
Samples containing no RNA or vector alone (vector control) were used
as negative controls. Deoxyribonucleotide sequencing of a cDNA of the
S/R loop indicates the location of depurination.
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297PAP MUTANTS AND Ty1 RETROTRANSPOSITIONassociated with ribosomes at fivefold higher levels than
those of PAP and PAPx. This could be either a conse-
quence of a greater affinity of PAPc for ribosomes or,
alternatively, the non-ribosome-bound PAPc could be
highly unstable. Unlike PAP or PAPx, most of PAPn ex-
pressed in yeast remained in the postribosomal super-
FIG. 5. Ribosome association of PAP mutants. (A and B) Immunob
ribosomes. Fractions (10 mg of purified ribosomes or postribosomal sup
eparated by 12% SDS–PAGE, transferred to nitrocellulose, and pro
ubsequently stripped and reprobed with either anti-G6PD (1:4000; po
oading controls. Numbers beneath each sample show signal intensiti
ontrols in each fraction are indicated at the bottom of each panel to g
ysates compared to PAP standards. Defined amounts of PAP standard
ere separated by 12% SDS–PAGE, transferred to nitrocellulose, and p
ibosomes versus the postribosomal supernates. The standardized
orresponding standardized signal intensities from the postribosomalnatant and very little was associated with ribosomes.
The fact that PAPn did not bind well to ribosomes, even
c Summary of effects of PAP and PAP mutants on translation of capped and u
incorporated into luciferase encoded by capped versus uncapped transcriptsthough it was expressed at higher levels than those of
PAPc, demonstrates that the higher ratio of PAPc asso-
ciated with ribosomes relative to PAP, PAPx, and PAPn is
not the result of a titration effect.
DISCUSSION
lysis illustrating partitioning of PAP and PAP mutants onto and off of
s) from cells induced to express PAP, PAPx, PAPn, PAPc, or vector were
ith an affinity-purified anti-PAP antiserum (1:4000). The blots were
mal supernates) or anti-L3 antibodies (1:4000; purified ribosomes) as
ntified by scanning densitometry. The relative ratios of PAP to loading
e standardized signal intensities. (C) Titration of PAP-expressing yeast
d 40 ng) and increasing amounts of PAP-expressing yeast cell lysates
with anti-PAP antiserum. (D) Partitioning of PAP and PAP mutants onto
intensities from the ribosome fraction blots were divided by the
atant fraction blots. The resulting ratios are plotted on the y-axis.We previously demonstrated that PAP specifically in-
hibited 11 PRF and Ty1 retrotransposition and that PAPTABLE 2
Summary of the Properties of PAP and the PAP Mutants
Property PAP PAPn PAPc PAPx
11 PRF 0.17a 1.04 0.48 0.91
y1 retrotransposition 99.9% inhibition No inhibition 97.9% inhibition Not determined
/R loop depurination Yes No No No
ibosome bound/free 0.52b 0.24 2.04 0.64
apped mRNA-specific
translation inhibition
0.31c 0.59 0.40 100
a Effects of PAP and PAP mutants on 11 ribosomal frameshifting expressed as fold vector control.
b Ratio of ribosome bound to free protein in extracts of cells expressing PAP or PAP mutant proteins.lot ana
ernate
bed w
striboso
es qua
enerat
s (10 an
robedncapped mRNAs in vitro. Values represent the ratios of [35S]-methionine
(from Hudak et al., 2000).
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298 HUDAK ET AL.binds to ribosomes, in part, through its ability to physi-
cally interact with ribosomal protein L3 (Hudak et al.,
1999; Tumer et al., 1998). In the present study, we used a
series of PAP mutants to further dissect the functional
properties of PAP and its effects on programmed ribo-
somal frameshifting. A summary of our findings is shown
in Table 2. These results chiefly demonstrate that, al-
though the ability to depurinate the S/R loop enhances
inhibition of 11 PRF, Ty1 retrotransposition, and general
translation, depurination per se is not an absolute re-
quirement for these properties. The inhibitory effects on
11 PRF and Ty1 retrotransposition are not the result of
he direct effects of PAP, PAPc, or PAPn on the stability of
he frameshift reporter RNAs. The mere ability to interact
ith ribosomes, by itself, is also not sufficient. Rather, the
bility to bind ribosomes (via the N-terminus) is required
o promote the observed inhibitory effects in the absence
f depurination activity. Additionally, the lack of effect of
AP on both L-A-and HIV-1-directed 21 PRF supports the
otion that the molecular machinery used to promote
rameshifting by both these viruses is conserved, and
hat the previously observed anti-HIV activity of PAP
Olson et al., 1991; Zarling et al., 1991) is not the result of
ffects on 21 PRF.
We previously proposed and experimentally demon-
trated the validity of a model in which inhibition of the
ranslocation step of translation specifically resulted in
nhibition of programmed 11 ribosomal frameshifting
Tumer et al., 1998). The data presented here suggest
hat some qualitative distinction among the PAP mutants
ust be responsible for their differing effects on trans-
ation and 11 PRF. Although both PAPn and PAPc inhibit
ranslation of capped RNAs in vitro by recognizing the
ap structure and depurinating the capped RNA (Hudak
t al., 2000), they have very different effects on 11 PRF.
iven the dissimilarities between the lacZ-based frame-
hift and the Ty1 reporter mRNAs, it is unlikely that the
ifference is at the level of their interactions with the
RNA. Rather, it is more probable that they differ in their
bilities to interact with ribosomes. Examination of the
ifferences among PAP, PAPx, PAPn, and PAPc in their
ssociation with ribosomes (see Fig. 5) reveals the prob-
ble key to their effects on 11 PRF. Although PAPn has
n intact active site, and though a substantial amount of
APn was expressed in cells, barely detectable amounts
ere associated with ribosomes, indicating that se-
uences at the N-terminus may target PAP to ribosomes.
he inability of PAPn to inhibit 11 PRF suggests that
rameshifting is inhibited only when PAP is bound to the
ibosomes.
These results are further supported by another N-
erminal mutant, NT184, in which the first 38 amino acids
f PAP are deleted. This mutant does not bind ribosomes
data not shown) and does not inhibit 11PRF. However,
inding to the ribosomes alone is not sufficient, since
APx did not inhibit 11 PRF, even though it bound toibosomes as well as did PAP. The difference appears to
e in the relatively higher affinity of PAPc for ribosomes.
lthough neither PAPx nor PAPc depurinates the S/R
oop, a significantly greater fraction of PAPc than of PAPx
as associated with ribosomes, suggesting that deletion
f 25 amino acids from the C-terminus of PAP either
lters the affinity of PAPc for ribosomes or makes PAPc
ighly stable only when ribosome-bound. Given its se-
uence similarity to RNA-binding domains (Hur et al.,
995), the N-terminus of PAP may serve to target the
rotein to ribosomes. Similarly, the C-terminal putative
ipid-binding motif may allow PAP to dissociate from
ibosomes by allowing it to partition to a more hydropho-
ic (possibly membrane) environment. The PAPc data
emonstrate that the C-terminal 25 amino acids are not
equired for association with ribosomes, since almost all
f this protein was found to be associated with ribo-
omes. Its lack of S/R loop depurination activity suggests
hat PAPc can inhibit 11 PRF by a mechanism other than
RNA depurination. Although PAPc cannot depurinate the
/R loop, its interaction with its ribosome substrate may
ock the ribosome in one conformation, such that it can-
ot interact with the elongation factor two (eEF-2). Alter-
atively, strong binding of PAPc to the ribosome may
terically interfere with the conformational changes of
he S/R loop, which occur during the elongation cycle
Wool et al., 1992). The recent demonstration that the
dn-5 allele of 25S rRNA, in which the CG closing pair of
he S/R loop is mutated to UG, also inhibits Ty1-directed
1 ribosomal frameshifting supports the model that the
/R loop plays a critical role in 11 PRF (Burck et al.,
999). Testing these models is currently underway in our
aboratories.
MATERIALS AND METHODS
trains and media
S. cerevisiae strain PSY1 (MATa, ade2-1 trp1-1 ura3-1
eu2-3112 his3-11, 15 can1-100) was used for all of the
ssays. Strain JD759 (MATa kar1-1 arg1 thr(1,X) [L-AHN
M1]) was used as the cytoduction donor strain to intro-
duce the L-A and M1 dsRNA viruses into PSY1. Strain
5X47 (MATa/MAT his1/1 trp1/1 ura3/1 K2R2) was the
indicator strain used to score the killer phenotype as
previously described (Dinman and Wickner, 1992). YPAD,
YPG, SD, synthetic complete medium, and 4.7-MB plates
for testing the killer phenotype were prepared as previ-
ously reported (Dinman and Wickner, 1994). Synthetic
complete medium (H-leu, H-ura, H-trp, and combinations
thereof) with 2% dextrose, galactose, or raffinose was
used for controlling the induction of the PAP and PAP
mutant genes from the pNT-series of plasmid vectors.
PlasmidsThe PAP-expression plasmids used in this study are
shown in Fig. 1. Expression of PAP and the PAP variants is
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299PAP MUTANTS AND Ty1 RETROTRANSPOSITIONunder control of the galactose-inducible promoter GAL1 in
these high-copy 2m: plasmids (Tumer et al., 1998). The
plasmids p0 (0-frame control), p21 (L-A-derived 21 ribo-
somal frameshift test vector), and p11 (Ty1-derived 11
ibosomal frameshift test vector) used in the in vivo PRF
ssay were described previously (Peltz et al., 1998).
JD181.HIV is similar to p21, except that it contains the
IV-1 programmed 21 ribosomal frameshift signal. To
onstruct this vector, the synthetic oligonucleotides
9-CCCCGGATCCATTTTTTAGGGAAGATCTGGCCTTCCCA-
AAGGGGAGGCCAGGGAATTTTCTTCAGGTACCCCCC-39,
nd 59-GGGGGGTACCTGAAGAAAATTCCCTGGCCTCC-
CTTGTGGGAAGGCCAGATCTTCCCTAAAAAATGGATCC-
GGG-39 were annealed with one another, digested with
amHI and KpnI, and cloned into similarly digested
JD160.0 (a TRP1 CEN6-based version of p0). pJEF1105
as used to measure Ty1 retrotransposition frequencies
Boeke et al., 1988).
easurement of PRF efficiencies
To measure the effects of PAP and the PAP mutants on
RF, cells harboring the URA3-based PAP-expression
ectors or vector alone were cotransformed with TRP1-
electable p0, p21, or p11, and transformants were
elected on H-ura/H-trp media. Measurements of the
ffects of PAP on HIV-1-promoted 21 PRF utilized PSY1
ells cotransformed with either pNT188 or vector alone
nd either pJD160.0 or pJD181.HIV and selected on H-trp/
-leu medium. Cultures grown overnight at 30°C in se-
ective medium containing 2% raffinose were divided in
alf, pelleted by centrifugation, and resuspended in 2 ml
f selective medium containing either 2% raffinose or 2%
alactose, and were grown for 5 h to induce expression
f PAP or the PAP mutants (Hur et al., 1995). b-Galacto-
sidase activities and PRF efficiencies were determined
as described previously (Dinman et al., 1991; Tumer et
al., 1998). All assays were performed in triplicate and
each assay was repeated at least three times. Percent-
age inhibition by PAP on general translation (0-frame)
was calculated by determining the ratio of b-galactosi-
dase activities produced by induced to uninduced cells.
Percentage inhibition by PAP on PRF was calculated by
determining the ratios of PRF efficiencies in induced to
uninduced cells.
Virus assays
PSY1 cells harboring either pNT255 (PAPn), pNT246
(PAPc), or YEp351 (vector control) were transformed with
pJEF1105 and selected on H-ura/H-leu with 2% dextrose.
Transformants were then grown on H-ura/H-leu with 2%
galactose at room temperature for 4 days. Patches of
cells were subsequently replica-plated back onto H-ura/
H-leu with 2% dextrose and then to nonselective media
containing 100 mg/ml of 5-fluoroorotic acid (5-FOA), then
incubated at 30°C to select for cells that had lostpJEF1105. Colonies of cells that were able to grow on
5-FOA were then grown in YPAD liquid medium over-
night, after which OD550 were determined and 10-fold
dilutions of cells ranging from 101 to 108 colony-forming
units (CFU) were seeded onto YPAD medium containing
100 mg/ml of Geneticin (Sigma, St. Louis, MO). Retro-
transposition frequencies were calculated by dividing
the number of Geneticin-resistant (neor) colonies by the
total number of CFU seeded onto the plate. To determine
the effects of the PAP mutants on the killer phenotype,
the L-A virus and M1 dsRNA were introduced by cyto-
duction into PSY1 cells harboring pNT255, pNT246, or
YEp351, and killer assays were performed as previously
described (Tumer et al., 1998).
Nuclease protection assays
Total cellular RNA was isolated from galactose-in-
duced and uninduced cells harboring the various forms
of PAP and frameshift test vectors, and RNase protection
assays measuring lacZ mRNA abundances relative to a
U3 snRNA control were performed as previously de-
scribed (Tumer et al., 1998).
Ribosomal RNA depurination assay
To test the ability of PAP and the PAP mutants to
depurinate the S/R loop in vivo, yeast cells harboring
pNT188 (PAP), pNT224 (PAPx), pNT255 (PAPn), pNT246
(PAPc), or vector alone (YEp351) were grown in H-leu
with 2% raffinose at 30°C to early logarithmic phase (5 3
107 cells/ml) and then induced by the addition of medium
containing 2% galactose. Following a 6-h induction, ribo-
somes were isolated as described previously (Hudak et
al., 1999), and purified ribosomal RNAs were used as
substrate in primer extension analysis of the 25S rRNA.
Purified ribosomal RNAs were incubated with a 59 [32P]
end-labeled oligonucleotide primer (59-GGCGTTCAGC-
CATAATCC-39) complementary to the 39-end of yeast 25S
rRNA. Primer extension was performed by reverse tran-
scription essentially as described (Iordanov et al., 1997)
and the reaction products were precipitated in ethanol
and resuspended in formamide loading buffer. To
determine the position of rRNA depurination, a 600-bp
fragment corresponding to the yeast 25S rRNA was
generated by RT-PCR with sequence-specific primers
containing engineered BamHI (59-GGGGATCCGGAATTT-
GAGGCTAGAGG-39) and HindIII (59-GGAAGCTTCA-
GATCGTAACAACAAGGC-39) sites. The fragment was
cloned into pBluescript SK, and a [35S]-labeled DNA se-
quencing reaction was performed with the same primer
used in the primer extension analysis. Both the primer
extension and the sequencing products were separated
through a 6% polyacrylamide/urea denaturing gel and
visualized by autoradiography.
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300 HUDAK ET AL.Protein analyses
PAP standard was obtained from Calbiochem (La Jolla,
CA). Pellets of cells expressing PAP, the PAP mutants, or
harboring vector alone (100-ml cultures) were frozen in
liquid N2, pulverized with a mortar and pestle, dissolved
in buffer A (4 ml of 200 mM Tris–HCl, pH 9.0, 200 mM KCl,
200 mM sucrose, 25 mM MgCl2, 25 mM EGTA, 25 mM
b-mercaptoethanol), and centrifuged at 4°C for 20 min.
The resulting supernatant was increased to 13 ml with
buffer A and layered over a 10-ml cushion of 1 M su-
crose, 25 mM Tris–HCl, pH 7.6, 25 mM KCl, and 5 mM
MgCl2. Ribosomes were pelleted by centrifugation at
311,000 g for 3.5 h at 4°C; resuspended in 200 ml of 25
mM Tris–HCl, pH 7.6, 25 mM KCl, 5 mM MgCl2; aliquoted;
and stored at 280°C. The remaining supernatant was
saved as the “postribosomal supernatant” and was ali-
quoted and stored at 280°C. All protein concentrations
were determined by the Bradford assay. Protein samples
(10 mg) were separated through 12% SDS–PAGE, trans-
erred to nitrocellulose, and blocked by incubation with
BST (phosphate-buffered saline with 0.1% Tween 20) in
% nonfat milk for 2 h. The blots were probed by over-
ight incubation with (1) an affinity-purified polyclonal
ntibody to PAP (1:5000), (2) polyclonal anti-G6PD (1:
000; Chemicon, Temecula, CA), or (3) a monoclonal
nti-yeast L3 (kindly provided by J. Warner) in PBST–5%
ilk. Horseradish peroxidase-conjugated secondary an-
ibodies used were: for PAP, a goat anti-rabbit IgG; for
6PD, a donkey anti-goat IgG; and for L3, a rabbit anti-
ouse IgG (all diluted 1:5000, in PBST–5% milk for 1.5 h).
mmunoreactive proteins were visualized by chemilumi-
escence using a Renaissance kit (NEN/DuPont, Boston,
A). Blots were all exposed for 15 min using the same lot
f autoradiography film.
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